The twentieth century marked the discovery of numerous drugs with varying degrees of efficacy against rapidly dividing cancer cells. In the 1950's, the first of a new class of drugs, camptothecin was found to be a strong inhibitor of DNA synthesis. 1 Unfortunately, this early formulation had poor aqueous solubility and severe clinical toxicity. Years later, these solubility issues were corrected and more tolerable formulations such as topotecan were designed. 2,3 The paper by Huang and colleagues compares the molecular mechanism of action between a topoisomerase-I inhibitor topotecan, and a topoisomerase-II inhibitor mitoxantrone, pointing at important, therapy-relevant differences in their mechanism of action. 4 Despite demonstrated clinical efficacy, the exact target of DNA-synthesis inhibitors remained elusive until the 1980's, when reports emerged that camptothecin and its analogues interacted with DNA topoisomerase-I. 5, 6 These topoisomerase enzymes have the ability to relax and untangle large strands of DNA by the process of transesterification. 7 Generation of this transient 'cleavable complex' relieves the torsional stress that develops in the DNA helix during replication and transcription. 7 It is proposed that drugs which interact with topoisomerase stabilize this cleavable complex and induce double-stranded DNA breaks upon collision of this complex with the moving replication fork, thereby ultimately leading to cell cycle arrest and apoptosis. 2, 3, 8 These topoisomerase-I targeting drugs appear more specific to the S or DNA synthesis specific phase of the cell cycle. 2, 3 While topoisomerase-I causes single-strand DNA breaks, topoisomerase-II itself induces transient double-strand DNA breaks. Topoisomerase-II is crucial for chromosome condensation and segregation, and cells that lack this enzyme are rendered unviable. 7, 9 Drugs such as doxorubicin and its analogue mitoxantrone partially exert their effect by targeting topoisomerase-II. 9,10 Unlike topoisomerase-I targeting drugs, topoisomerase-II inhibitors exert their effect throughout the cell cycle likely by interfering with both DNA and RNA polymerases. 10 Despite similar structures, mitoxantrone and doxorubicin have quite different levels of efficacy against common tumors. Mitoxantrone has a very narrow spectrum of activity restricted to breast, prostate, acute leukemia, and lymphoma, whereas doxorubicin has been proven to be active against a broad range of cancers ranging from numerous leukemic cell types to practically all solid organ tumors. 3,10 The toxicity profile, although similar, is far more dramatic for doxorubicin, particularly with respect to irreversible cardiomyopathy. These clinical toxicities are partly explained by doxorubicin's known effects such as DNA intercalation, inhibition of helicases, generation of reactive oxygen species (ROS), release of cellular iron, and stabilization of topoisomerase II. 9,10 As revealed by its clinical efficacy, mitoxantrone's mechanism of action, although likely similar to that of doxorubicin, has so far been less clear. It is unclear, for example, whether mitoxantrone exerts its effects in a similar manner, particularly with respect to ROS formation.
Important Differences Between Topoisomerase-I and -II Targeting Agents
The twentieth century marked the discovery of numerous drugs with varying degrees of efficacy against rapidly dividing cancer cells. In the 1950's, the first of a new class of drugs, camptothecin was found to be a strong inhibitor of DNA synthesis. 1 Unfortunately, this early formulation had poor aqueous solubility and severe clinical toxicity. Years later, these solubility issues were corrected and more tolerable formulations such as topotecan were designed. 2, 3 The paper by Huang and colleagues compares the molecular mechanism of action between a topoisomerase-I inhibitor topotecan, and a topoisomerase-II inhibitor mitoxantrone, pointing at important, therapy-relevant differences in their mechanism of action. 4 Despite demonstrated clinical efficacy, the exact target of DNA-synthesis inhibitors remained elusive until the 1980's, when reports emerged that camptothecin and its analogues interacted with DNA topoisomerase-I. 5, 6 These topoisomerase enzymes have the ability to relax and untangle large strands of DNA by the process of transesterification. 7 Generation of this transient 'cleavable complex' relieves the torsional stress that develops in the DNA helix during replication and transcription. 7 It is proposed that drugs which interact with topoisomerase stabilize this cleavable complex and induce double-stranded DNA breaks upon collision of this complex with the moving replication fork, thereby ultimately leading to cell cycle arrest and apoptosis. 2, 3, 8 These topoisomerase-I targeting drugs appear more specific to the S or DNA synthesis specific phase of the cell cycle. 2, 3 While topoisomerase-I causes single-strand DNA breaks, topoisomerase-II itself induces transient double-strand DNA breaks. Topoisomerase-II is crucial for chromosome condensation and segregation, and cells that lack this enzyme are rendered unviable. 7, 9 Drugs such as doxorubicin and its analogue mitoxantrone partially exert their effect by targeting topoisomerase-II. 9, 10 Unlike topoisomerase-I targeting drugs, topoisomerase-II inhibitors exert their effect throughout the cell cycle likely by interfering with both DNA and RNA polymerases. 10 Despite similar structures, mitoxantrone and doxorubicin have quite different levels of efficacy against common tumors. Mitoxantrone has a very narrow spectrum of activity restricted to breast, prostate, acute leukemia, and lymphoma, whereas doxorubicin has been proven to be active against a broad range of cancers ranging from numerous leukemic cell types to practically all solid organ tumors. 3, 10 The toxicity profile, although similar, is far more dramatic for doxorubicin, particularly with respect to irreversible cardiomyopathy. These clinical toxicities are partly explained by doxorubicin's known effects such as DNA intercalation, inhibition of helicases, generation of reactive oxygen species (ROS), release of cellular iron, and stabilization of topoisomerase II. 9, 10 As revealed by its clinical efficacy, mitoxantrone's mechanism of action, although likely similar to that of doxorubicin, has so far been less clear. It is unclear, for example, whether mitoxantrone exerts its effects in a similar manner, particularly with respect to ROS formation.
Virtually all cells in various stages of growth develop potentially lethal double-strand DNA breaks. Preventing the demise of the cell is a network of proteins, which rapidly detect this damage and activate a series of steps, which stall cell-cycle progression and initiate repair of the DNA. A central protein to the detection of these DNA breaks and initiation of repair is a nuclear serine-threonine kinase called ataxia-telangiectasia mutated (ATM). 11, 12 Upon formation of a double strand break the Mre11-Rad50-Nbs1 (MRN) complex is activated which in turn recruits ATM dimers. 12 These dimers are phosphorylated at the Serine-1981 position forming active ATM monomers, which in turn activate the checkpoint kinases Chk1 and Chk2, which cause cell-cycle arrest, partly through their effects on p53 and p21. 11 Also observed early during the formation of double-strand breaks is the phosphorylation of histone H2AX and the detection of γ-H2AX at the site of DNA breaks. 13 Recently a model utilizing ATM -/-cell lines has shown that ATM plays a key role in the γ-H2AX generation. 14 
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In their recent study, Huang and colleagues have examined the role of ROS in the induction of DNA damage by both the topoisomerase-I interacting drug topotecan and the topoisomerase-II interacting drug mitoxantrone. 4 As a more sensitive measure of doublestranded DNA breaks, they have utilized concurrent immunocytochemical detection of both activated ATM and γ-H2AX in treated human promyelocytic leukemic (HL-60) and pulmonary carcinoma (A549) cells. 15, 16 As in previous studies, the authors were able to demonstrate increased detection of γ-H2AX in HL-60 cells within one hour of exposure to either topotecan or mitoxantrone. Again, topotecan induced γ-H2AX was most evident in S-phase cells whereas mitoxantrone induced γ-H2AX in all phases of the cell cycle. Similar observations were made with the detection of activated ATM. In both cases, only S-phase cells underwent apoptosis upon exposure to either drug. In the presence of N-acetyl-L-cysteine (NAC), a potent ROS scavenger, both HL-60 and A549 had attenuated γ-H2AX induction and ATM activation in response to mitoxantrone. By contrast, topotecan produced slightly increased rates of γ-H2AX and ATM activation in the presence of NAC.
This study broadens our understanding of the mechanism of action of topotecan and mitoxantrone. The elegantly designed and well controlled experiments show that topotecan effectively targets cells actively replicating DNA, likely through its stabilization of the cleavable complex of topoisomerase-I, and that there does not appear to be any role for the activation of ROS in the anti-tumor activity of this drug. Thus, the limiting factor of topotecan's clinical efficacy remains the fact that cells not actively replicating their DNA are not as sensitive to topotecan and this likely leads to disease progression or relapse. Potentially driving cells into S-phase may resolve this barrier. In contrast, mitoxantrone, which targets topoisomerase-II, appears also to act in a ROS-dependent manner. Thus, it causes the double-strand DNA break formation by two different mechanisms; as a result of topoisomerase-II-blockage and by ROS-dependent manner. ROS probably accounts for about 1/3 of mitoxantrone's DNA-damaging capacity, since NAC is able to attenuate less than one third of the total observed double-strand DNA breaks upon mitoxantrone treatment. Similar attenuation of double-strand breaks upon pretreatment with NAC and exposure to other established topoisomerase-II targeting drugs, like doxorubicin and newer agents like salvacine have been reported previously, but the mechanism of ROS generation in this metabolic context is not fully understood. 17, 18 Mitoxantrone is not unique in its capacity as a ROS-generation facilitator, and this quality is shared with other groups of drugs, for example farnesyl-transferase inhibitors. 19 A limiting factor in the use of topoisomerase-II targeting drugs is the significant toxicity that develops with the cumulative use of these drugs. Thus, there is an urgent need for the development of future treatment regimens that may reduce the total dose of these drugs by combining them with inhibitors of DNA repair, currently under investigation. [18] [19] [20] The study by Huang and colleagues provides important new insight into the molecular mechanism of action of these drugs, thus facilitating the development of new therapy protocols.
